Objective: The relationship between the topographical variations in the structural, biochemical and dynamic biomechanical properties of articular cartilage (AC) before and 6 months after meniscectomy has not been previously reported but is clearly relevant to our understanding of the role of mechanical factors on the pathogenesis of osteoarthritis (OA). The objective of this study was to address this deficiency using an ovine model of OA induced by bilateral lateral meniscectomy.
Introduction
Total or partial excision of the knee joint menisci, due to symptoms arising from their failure as a result of degeneration or mechanical injury, is still a common orthopaedic procedure. However, this surgical intervention is frequently followed by premature degeneration of articular cartilage (AC) and the early onset of osteoarthritis (OA) [1] [2] [3] . This post-surgical sequela is considered to result from the imposition of high focal and shearing stresses on AC arising from the excision of the menisci, which have been shown to be important weight bearing and joint stabilizing structures [4] [5] [6] [7] [8] .
Meniscectomy in adult sheep and other species reproduces the pathological changes in AC and subchondral bone which have been described for early OA in human joints. For this reason meniscectomized laboratory animals have been widely employed as models of OA and have provided valuable insights into the temporal changes which occur in AC and subchondral bone during the development and progression of this disorder 9 .
Using the ovine model of lateral meniscectomy, it has been shown that in those regions adjacent to focal AC lesions, hypertrophy and osteophytosis occured 10 . Such hypertrophic changes in AC are considered to arise from an early response by chondrocytes to supraphysiological loading which may be followed at a later stage by a degenerative phase where the extracellular matrix is destroyed 11, 12 .
Previous experimental investigations which have sought to determine the influence of meniscectomy on the biomechanical and biochemical properties of AC have confined their examination to relatively few sites within the operated joint [12] [13] [14] . Our previous studies had clearly shown that significant changes in the composition and metabolism of AC takes place over the entire joint surface following meniscectomy [15] [16] [17] [18] [19] [20] [21] [22] . The purpose of this investigation was therefore to build upon these earlier biomechanical and biochemical studies by mapping the entire tibial plateau, thereby gaining a better appreciation of the topographical variations that occur across a normal and degenerate joint.
We recently developed a hand-held indentation system, which was capable of accurately and rapidly measuring the dynamic biomechanical properties of AC 23 . The short time frame needed for measurements, using this instrument, would allow the collection of biomechanical data of AC from many joint locations without degradation, nor prejudice to its structural integrity. This device therefore offered the opportunity to generate meaningful topographical relationships between the biochemical and histological parameters and the biomechanical properties of AC in normal and meniscectomized joints.
In the present study we describe the results of a detailed topographical study of the composition and biomechanical properties of AC of the ovine tibial plateau before and 6 months after lateral meniscectomy. The data obtained revealed that the hypertrophic response in AC, which occurs adjacent to focal lesions and which was identified by increased AC thickness and PG content, was accompanied by a deterioration in its surface collagen assembly and biomechanical properties. We suggest that this early hypertrophic response by the cartilage matrix, which has hitherto been considered as a compensatory and protective process, may in fact render these tissues more susceptible to physical damage during weight-bearing activities.
Materials and methods

ANIMAL MODEL
Twelve aged (7-year-old) female pure-bred Merino sheep were used for this study. Six animals were subjected to open lateral meniscectomy (MEN) of both stifle joints as described previously 17 , while the remaining six were used as non-operated controls (NOC). All animals were maintained under identical environmental conditions for 6 months, at which time they were sacrificed by intravenous infusion of phenobarbitone. The joints were opened and the tibial plateaux (including approximately 5 mm subchondral bone) were horizontally sectioned from the tibial long bone. These complete tibial osteochondral slabs were photographed, then wrapped in saline soaked gauze, sealed in plastic bags, and stored at −20°C. One left or right tibial plateau (alternately selected) from each animal was used for the conjoint biomechanical and biochemical studies, while the contralateral joint from the same animal was employed for the histological investigations. The protocol used for this study was approved by the animal ethics committee of Murdoch University (AEC 832R/00).
EXPERIMENTAL APPARATUS
The dynamic indentation device ( Fig. 1 ) has been described previously 23 . Briefly, it incorporated a handle with a 120 mm long stainless steel tube (4 mm external diameter) extending from one end. Located at the end of the tube was a vibration unit that had a small non-porous cylindrical probe (0.5 mm diameter) attached, extending out of the side of the tube. A single frequency (20 Hz) sinusoidal waveform was applied to the device causing the probe to vibrate at equal frequency. The instrument was used to dynamically indent the AC by pressing the probe against the surface of the tissue with constant pressure (2.5 N). The system was connected to a computer, which provided graphical output of the biomechanical parameters. Dynamic stiffness and phase lag data were collected and saved each time a foot switch was activated. BIOMECHANICAL ASSESSMENT AC samples were removed from the freezer and placed in saline at room temperature for 1 h to thaw and equilibrate. The sample was then removed from the saline and a light grid was cast onto the exposed AC using a converted slide projector 19 . Using this grid as a guide, a standard 26-point array was marked on the AC surface of the lateral and medial tibial compartments with Picro Sirius red stain ( Fig. 2 ). In-house experiments have shown that Picro Sirius stain had no effect on the biomechanical properties of AC and did not interfere with the subsequent biochemical analyses. Indentation tests were conducted sequentially at each marked location, repeated over three runs, and the average dynamic stiffness and phase lag of each location recorded. Surfaces that were not being assessed remained covered in saline soaked gauze to prevent dehydration. The entire indentation assessment of each tibial plateau was completed in less than 10 min. On completion of the indentation assessment, the thickness of the AC was determined using a needle penetration method similar to that previously described 24 . The dynamic shear modulus (G*) was calculated using the theory published by Hayes et al. 25 where and a is the indenter radius, dP*/dH* is the change in dynamic force divided by the change in dynamic displacement (dynamic stiffness), is the Poisson's ratio and is the theoretical correction function. Hayes et al. 25 , tabulated the variation in with alteration in Poisson's ratio and aspect ratio, a/h, where h is the thickness of the AC beneath the indenter.
The effective shear modulus (G*) and phase lag are termed 'effective' because the biomechanical response is dependent on the frequency and boundary conditions of the test. However, it had been demonstrated that there was marginal change in these parameters 26, 27 when AC was indented at frequencies above 4 Hz with the G* being of similar magnitude to the 'instantaneous' shear modulus generated during a step indentation test. As such, the Poisson's ratio was assumed to be 0.5.
BIOCHEMICAL ANALYSIS
Water content, PG content (as sulfated glycosaminoglycans (S-GAG)), and total collagen content (as hydroxyproline) were analysed using published methods. Briefly, 26 full depth squares of AC, corresponding to each indentation site ( Fig. 2 ) were removed using a #11 scalpel blade. The water content was determined by weighing each sample before and after freeze-drying and was expressed in percent of the wet weight. The S-GAG content was assessed using a micro-adaptation of the dye binding assay originally described by Farndale et al. 28 but modified by us to analyse AC sections prepared for histology 20 . Each freeze-dried tissue sample, of known dry mass, was digested with papain (Sigma-Aldrich, Castle Hill NSW, Australia), and aliquots of this digest (in triplicate) mixed with 1,9-dimethylmethylene blue (Sigma-Aldrich, Castle Hill NSW, Australia), followed by measuring the absorbance in a plate reader at 650 nm. The S-GAG concentration was calculated from a standard curve using chondroitin-4sulfate from bovine trachea (Sigma Chemical Co., Castle Hill NSW, Australia) as a standard. The collagen content was determined using a simplified microtiter plate adaptation of the hydroxyproline assay of Stegemann and Stalder 29 . Aliquots (200 l) of the AC papain digests were vacuum dried and then hydrolysed in 250 l of 6 N HCl for 16 h at 110°C. After addition of 250 l 6 N NaOH to neutralize the HCl, the free hydroxyproline was oxidized to pyrrole with chloramine T (Sigma Chemical Co., Castle Hill NSW, Australia), the color developed by the addition of p-dimethylaminobenzaldehyde (Sigma Chemical Co., Castle Hill NSW, Australia) determined by absorption at 562 nm. The total hydroxyproline content was calculated from a standard curve using a hydroxyproline standard (Sigma Chemical Co., Castle Hill NSW, Australia) and, assuming that AC collagen contains 13.5% hydroxyproline, a factor of 7.4 was used to convert the hydroxy proline values to collagen.
HISTOLOGICAL ANALYSIS
Medial-lateral osteochondral slices (5 mm wide) were cut from tibial plateaux using a bandsaw according to the diagram shown in Fig. 2 . Each section was fixed in 10% neutral buffered formalin, decalcified in 10% formic acid/5% formalin, dehydrated and double-embedded (methyl benzoate, celloidin, paraffin) such that full-depth cartilage/bone coronal sections were obtained. Sections for polarized light microscopy studies were treated with bovine testicular hyaluronidase (ICN Biomedicals, Australia) to remove PG, and were then stained with Picro Sirius red (PSR) in order to enhance observation of birefringence, using a modification of the method described by Junqueira et al. 30 and Arokoski et al. 31 .
BIREFRINGENCE EVALUATION OF COLLAGEN ORGANIZATION
Quantitative analysis of birefringence intensity was conducted using methods similar to that described by Arokoski et al. 31 . Briefly, PSR-stained sections were viewed through a Leica DMLB polarization microscope (Leica, Germany) with a 5×/0.15 objective lens. Monochromatic light with a wavelength of 550 nm was achieved with an interference filter (Type: OG 550 nm, Schott, Germany) and used to transilluminate each specimen. With the superficial zone orientated at 45°to the lower polarization filter, full depth digital images (256 shades of grey, 700×570 pixel resolution) were collected using a digital camera (COHU 4910 series, COHU Pty Ltd, U.S.A.) and stored in TIFF format.
Images were collected of the lateral and medial (inner, middle and outer) regions of each histological section of each tibial plateau 
DATA PRESENTATION AND STATISTICAL ANALYSIS
The biochemical and biomechanical results generated by this study were represented as combined data maps consistent with each of the 26 topographical locations on the tibial plateau identified using the standard grid pattern employed to assign the individual sites ( Fig. 2 ). Each cell entry represents the mean of six animals. A linear five-level colour scale graduation (lightest hue=lowest value; darkest hue=highest value) was used to illustrate the results (see Figs 5 and 7) . The data from each location of each animal were also pooled into seven regions of interest, those being the inner (i), middle (m) and outer (o) regions of the lateral (l) and medial (m) compartments (lo, lmo, lmi, li, mi, mm and mo) ( Fig. 2) . These values represented the mean (N=6) of each region from the six animals used in each group and are shown as bar graphs (±1 S.D.) (see Figs 6 and 8) . Overall biochemical, biomechanical and histological changes in the lateral and medial compartments of the NOC and MEN joints are represented in Table I . Significant differences between NOC and MEN were determined using the Student t-test.
Relationships between the measured parameters and between NOC and MEN were investigated using the Pearson correlation test. The combination of the six different parameters measured in this study provided for a total of 15 possible comparisons. (Table II) . Each set was conducted for the entire tibial plateau (N=26; df=24; P<0.05 when r 2 >0.15; P<0.01 when r 2 >0.25), the lateral compartment only (N=15; df=13; P<0.05 when r 2 >0.26;
P<0.01 when r 2 >0.41) the medial compartment only (N=11; df=9; P<0.05 when r 2 >0.36; P<0.01 when r 2 >0.55) and for the regions only (N=7; df=5; P<0.05 when r 2 >0.56; P<0.01 when r 2 >0.76).
Results
ANIMAL MODEL
The sheep meniscectomy model used in this study was characterized by the development of the morphological and histological changes in AC typical of early OA. In contrast, the NOC tibial plateaux AC exhibited a normal appearance with a smooth, glossy articular surface. The lateral compartment of the MEN joints all had a roughened AC surface, focal lesions and osteophyte formation on the outer margin consistent with previous observations [20] [21] [22] , while the medial compartment appeared macroscopically normal ( Fig. 4 ).
BIOMECHANICAL ASSESSMENT
The results of the biomechanical assessment are represented in Table I , Figs 5 and 6. The AC of the NOC joints had a significant variation in the thickness and G* (mean±1 S.D.) across the tibial plateau, ranging from a minimum thickness of 0.30±0.18 mm and maximum moduli of 2.67±1.92 MPa in the lateral-outer region (lo), to a Summary of the correlations between five articular cartilage parameters analysed for the entire tibial plateau, the lateral tibial plateau, the medial tibial plateau and the seven designated regions of the tibial plateau of non-operated controls and meniscectomy groups The most significant change in biomechanical and structural properties, as a result of MEN, occurred at the lateral-outer region (lo) where a 70% reduction in G* and 135% increase in AC thickness were observed. While the lateral-middle regions (lmo, lmi) of the MEN joint also demonstrated a significant decrease in G* (↓63-65%), the change in thickness (↑30-42%) was not as pronounced as that of the lateral-outer region (↑135%). This may be due to marginal erosion of the uncalcified AC in this high stress region of the MEN joints. There was, however, a significant increase in phase lag (↑15-18%) which would suggest an alteration in the viscoelastic response of the AC with the tissue becoming less elastic and more viscous.
It was interesting to note that AC of the inner and middle regions of the medial compartment (mi, mm), while of greater thickness (↑19-30%), showed no change in G* or phase lag resulting from the removal of the meniscus in the lateral compartment. There was, however, an increase in phase lag (↑11%) on the medial-outer region (mo) suggesting some modification of the tissue architecture. Possible reasons for this modification are addressed in the discussion.
BIOCHEMICAL COMPOSITION
The results of the biochemical analyses of AC are shown in Table I A significant increase in PG content (↑52%) was measured in the lateral-outer region (lo) of the meniscectomized joints, while a significant decrease in PG content (↓21-32%) was found across the lateral middle and inner regions (lmo, lmi, li). There was also an unexpected, slight but consistent, increase in S-GAG content (↑14-19%) in the middle and outer regions (mm, mo) of the medial compartment (which remained protected by the meniscus) of the MEN group.
The total collagen content of the AC from both NOC and MEN groups was not significantly different from each other and was within a range of 39-60% (w/w) related to dry weight of the tissue. However, a gradual decrease was evident from about 60% in the outer lateral regions (lo, lmo) and 55% in the medial outer region (mo) to approximately 40% and 45% in the corresponding inner regions.
HISTOCHEMICAL/BIREFRINGENCE STUDIES Significant alterations in the superficial collagen organization were observed as a result of meniscectomy as illustrated by Fig. 9 . The most pronounced changes occurred at the lateral outer region where an almost complete loss of the superficial zone birefringence intensity peak was observed in the MEN joints, suggesting either a significant reduction in the collagen organization, or complete loss of the surface zone by erosion. A similar trend was noted in the lateral middle region.
Neither the lateral nor the medial compartments of the NOC and MEN joints had a superficial birefringence peak in the inner regions. This suggests that there was minimal collagen organization, even before meniscectomy, and may account for the roughened, velvet-like appearance and reduced biomechanical integrity of these regions. 
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There was no significant alteration in the deep zone birefringence in the lateral or medial, inner or middle regions as a result of meniscectomy. The lateral and medial outer regions both demonstrated an increase in deep zone birefringence, which may be due to collagen fibril reorganization.
BIOMECHANICAL AND BIOCHEMICAL CORRELATIONS
The three biochemical parameters (water, S-GAG and collagen content) and the three biomechanically measured parameters (G*, phase lag and thickness) were further analysed to determine what relationships existed between them. Table II summarizes the significant correlations identified between these parameters. As is evident, the strongest correlations were observed between collagen content and AC thickness [negative correlation (neg)] and between G* and thickness (neg), respectively, in both experimental groups. S-GAG and collagen content (neg), and S-GAG and thickness (pos) correlated well in the lateral compartment and when compared across the entire tibial plateau. These findings contrasted with the phase lag results, most of which did not correlate with any other parameter (not shown in Table II ). The correlation between S-GAG and G* (neg) was only apparent in the NOC group, whereas strong correlations were noted only in the MEN group between water content and G* (neg), water content and thickness (pos), and water content and collagen content (neg), respectively.
Discussion
The results of the present study using the ovine model of OA have confirmed that 6 months after meniscectomy significant focal AC degeneration occurs across the lateral compartment as shown by a sharply decreased G*, slightly increased phase lag, a reduction in collagen organization, loss of PGs, and water content. Fewer, but none the less notable, alterations were observed in the medial compartment, which included an increase in thickness at every sample location, as well as increased S-GAG content and a slight increase in phase lag of AC at the middle and outer joint regions.
The most prominent change in AC thickness, G*, effective phase lag, PG content and collagen organization occurred within the middle and outer regions of the lateral tibial compartment, corresponding to areas which were previously protected by the lateral meniscus.
An overall increase in phase lag was detected in areas of high erosion on the lateral central plateau. This increase suggests that the tissue had become less elastic and more viscous (purely elastic response=0°, purely viscous response=90°). To our knowledge only two other studies have shown an increase in phase lag as a result of osteoarthritic cartilage degeneration 27, 32 . Studies of PG in solution have demonstrated that in concentrated solutions the PG aggregates were dynamically stiffer and more elastic (lower phase lag) than solutions of the corresponding monomer subunits which exhibited a more viscous response 33, 34 . The present findings are therefore consistent with the hypothesis that proteolytic degradation of PG, possibly in the G1-G2 inter-globular domain of the core protein, had occurred in the AC of the laterally MEN joints, resulting in a decreased G* and increased phase lag. While other studies have also shown that trypsin digestion of normal AC decreased its shear modulus and increased its phase lag 26, 35 , there is also a body of evidence suggesting that PG degradation does not affect the high loading rate or dynamic stiffness of AC [36] [37] [38] [39] [40] . We, like others 14, 41, 42 , consider that the observed reduction in G* arising from meniscectomy, was more likely due to a disturbance in the AC collagen assembly and/or organization, with the contribution from the degradation of PG only playing a minor role. On the other hand, the increase in phase lag may be more dependent on the decrease in PG aggregation and the possible effects this may have on the structure of the collagen network. Furthermore, the negative correlation noted between water and total collagen content, which was only evident in the AC of the meniscectomized group, was consistent, by implication, with the findings of Bank et al. 43 . By quantitating the amount of degraded collagen in AC, this group presented experimental evidence to show that damage to the collagen network correlated with the extent of swelling of OA cartilage.
The lateral outer region (lo) of the meniscectomized joints demonstrated a significant increase in thickness and an increase in PG content relative to NOC, suggesting a hypertrophic response. However, the G* decreased sharply and the phase lag increased, indicating an abnormality in the AC collagen network and/or its interactions with PG. This was an interesting finding as in vitro contact stress experiments would suggest that this region of the joint was under less loading following meniscectomy 44 . This leads us to speculate that, while this outer region was not under the high direct loading, as would be experienced by the central region of the tibia, it was still exposed to mediators of PG and collagen degradation originating from the inflammation of the synovium which also occurs in this model. In an earlier study using this animal model it was noted that the small dermatan sulfate containing PG, decorin, was lost from the lateral AC before degradation of aggrecan was evident 17 . Since decorin is known to interact strongly with type II collagen fibrils and has been shown to limit fibril assembly and aggregation, its depletion from the AC of the MEN joints could explain the enhancement of tissue swelling 45 . This hyper-hydration of AC would, as a consequence, lead to a disruption the thick type II collagen fibres of the superficial zone resulting in a disruption of their alignment. This hypothesis would explain the observed changes in the birefringence profile in the outer region of AC from meniscectomized joints, particularly in the superficial zone. In addition, the reduction in collagen organization at the surface of AC would reduce its dynamic stiffness. It is noteworthy in this regard that the biochemical profile of the hypertrophic outer region, after meniscectomy, resembles the NOC inner region, which is normally in direct contact with the femoral condyle. Therefore, this early hypertrophic response following meniscectomy may reflect the reorganization of the collagen architecture. Another alternative to this explanation is that the observed hypertrophy was due to tissue swelling, which may have occurred above the collagen arcs and below the most superficial collagen. This may not be easily visible in the processed histological sections but is plausible because the resulting decrease in collagen birefringence would be due to separation of pre-existing collagen fibres and the subsequent loss of collagen organization. A model for this collagen re-organization arising during the hypertrophy response of AC in this model is shown in Fig. 10 .
The articular cartilage of the medial-outer region also underwent some alterations following meniscectomy. These included an increase in AC thickness, and an increase in phase lag. We consider that these changes are a consequence of the altered kinematics of the joint resulting from the removal of the lateral meniscus, which causes an external rotation and lateral shift of the femoral condyles (Fig. 11) . This not only increases the loading on the lateral compartment but also unloads the medial-outer region. In this regard it is noteworthy that a reduction in loading of AC is associated with its degeneration and decline of biomechanical properties 46 . Although not part of the present investigation, a gait analysis could provide additional information on the changed weight distribution, thereby supporting more direct correlations between the biomechanical and biochemical changes observed.
Using a canine medial meniscectomy model, followed over 3 months, LeRoux et al. 14 undertook similar biomechanical and biochemical studies to those described here. However, these authors reported no change in AC thickness or collagen birefringence in the joint sites they sampled. Meniscectomy of the canine stifle joint did induce a significant decrease in PG content, a 50% decrease in equilibrium compressive moduli, and lower dynamic shear moduli of AC, although only at low frequency (0.01 rad/s or 0.6 Hz). While LeRoux et al. 14 reported phase lag values for normal canine AC (12.9±3.1°), which were similar to those observed in our study, they found no change in phase lag of AC after meniscectomy. While this discrepancy may be explained by the different species used, it is more likely The data generated by the present study has provided valuable information on the temporal and spatial changes which take place in knee joints following lateral meniscectomy, a procedure which is known to alter the distribution of mechanical stresses acting across joints. The results obtained have identified a spectrum of events, which, for the most part, reflect the response of the chondrocyte to altered mechanical stresses and highlights the inherent difficulties associated with defining the onset and development of OA in terms of cartilage composition and structure. Osteoarthritis and Cartilage Vol. 11, No. 1 75
